The accurate replication of DNA requires the formation of complementary hydrogen bonds between a template base and the base moiety of an incoming deoxynucleotide-5′-triphosphate. Recent structural studies suggest that some DNA polymerases contribute additional constraints by interrogating the minor groove face of the incoming and template bases. Therefore, the hydrogen bond-donating or -accepting properties of the base pairing as well as minor groove faces of the bases could be important determinants of correct base selection. In this paper, we investigate two purines that could arise by endogenous damage of the normal DNA bases: isoguanine (which can be generated by the oxidation of adenine) and xanthine (which can be generated by the deamination of guanine). In both cases, the potential exists for the placement of a proton in the N3 position, converting the N3 position from a hydrogen bond acceptor to a donor. In this paper, we use first principles quantum mechanical methods (density functional theory using the B3LYP functional and the 6-31G++G**basis set) to predict the ionization and tautomeric equilibria of both isoguanine and xanthine in the gas phase and aqueous solution. For isoguanine, we find that the N1H and N3H neutral tautomeric forms are about equally populated in aqueous solution, while the enol tauotomers are predominant in the gas phase. In contrast, we find that xanthine displays essentially no tautomeric shifts in aqueous solution but is nearly equally populated by both an anionic and a neutral form at physiological pH. To obtain these results, we carried out an extensive examination of the tautomeric and ionic configurations for both xanthine and isoguanine in solution and in the gas phase. The potential hydrogen-bonding characteristics of these damaged purines may be used to test predictions of the important components of base selection by different DNA polymerases during DNA replication.
Introduction
The DNA of all organisms must be replicated with high fidelity to maintain the integrity of the genome. In higher organisms, overall fidelity is attributed to a combination of processes including correct selection of the incoming deoxynucleoside-5′-triphosphate by the DNA polymerase, preferential extension of correctly paired primer-template termini, and postreplication mismatch repair (1) (2) (3) (4) (5) (6) . The complexity of this task is increased substantially in metabolically active cells in which the DNA bases are continuously damaged by oxidation and hydrolysis (7) (8) (9) (10) (11) . Repair systems do exist to remove damaged bases prior to DNA replication (12) . However, if replication occurs prior to repair, proper selection of an incoming deoxynucleoside-5′-triphosphate may no longer be possible.
Among the multitude of damaged DNA bases that occur daily in essentially all living cells are isoG 1 (also known as 2-hydroxyadenine; Figure 1 ) and X ( Figure 2 ). isoG is derived from the oxidation of adenine, whereas X is derived from both the hydrolytic and the oxidative deamination of guanine (11, 13, 14) , although the oxidative nitrous acid-mediated pathway (11) is likely to be more important due to the slow rates of hydrolysis of purines (15) . Common to both purines is that the chemical damage event could place a proton at the N3 position of the purine that is normally a hydrogen bond acceptor. Recent structural studies of DNA polymerases, in particular DNA pol , have suggested that interactions between the polymerase and the purine N3 position can augment proper base selection by ensuring the correct alignment of the bases in the polymerase active site (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
The damaged purines, isoG and X, could exist in several potential tautomeric or ionized forms (26) (27) (28) (29) (30) (31) (32) . Previous studies have indicated the importance of both ionization and tautomerization in the generation of base mispairs (33) (34) (35) (36) (37) (38) . In this study, the tautomeric and ionization equilibria of both X and isoG have been studied systematically using first principles QM methods. Such QM studies provide information that is very difficult to extract from experiment, allowing us to enhance substantially our understanding of potential equilibrium structures that may contribute to the fidelity of DNA replication and to explain why some modifications decrease replication fidelity.
Recently, we used first principles QM (B3LYP/6-31G++G**) to study the pK a values and tautomeric equilibria of a number of oxidized and other DNA bases (39) (40) (41) (42) . Our methods have been validated by excellent agreement with available experimental data. Furthermore, we have been able to calculate some values that are experimentally inaccessible, making the QM-based approach extremely useful in the study of biologically relevant chemical compounds. Here, we show that isoG exists as two neutral, keto tautomers (N1H and N3H forms), whereas X exists as a diketo neutral tautomer and a singly ionized form deprotonated at the N3 position. The site specific pK a values of isoG and X as well as their composite pK a values are presented, where we find an excellent correlation with available experimental data. The interactions of isoG and X derivatives with DNA polymerase and other polymerases are discussed in light of the enzyme's interactions with the N3 position of the minor groove of the DNA bases.
Computational Methods
The relative free energies of 88 tautomers of isoG and 108 tautomers of X (neutral, cationic, anionic, doubly anionic, and 9-methyl derivatives) were examined in both the gas phase and the aqueous phase using DFT calculations at the B3LYP/6-31++G** level of theory. The effect of solvation by water was taken into account using the Poisson-Boltzmann (PB) continuum solvation model. This same methodology was used in our previous work (41, 42) for the calculation of the relative energies of tautomers and pK a values of guanine and 8-oxoguanine in aqueous solution; hence, we will not discuss the details further here.
Free Energy in Solution. The standard free energy of a species in water (∆G aq 0 ) can be written as the sum of the gas phase standard free energy (∆G g 0 ) and the standard free energy of solvation in water (∆G solv 0 ):
The gas phase standard free energy of each species (∆G g 0 ) is obtained by
The total energy of the molecule at 0 K (E 0 K ) is calculated at the optimum geometry from QM. The zero-point energy (ZPE) and the Gibbs free energy change from 0 to 298 K (∆∆G 0f298 K ) are calculated from the vibrational frequencies obtained using QM. The translational and rotational free energy contributions are also calculated for the gas phase. All QM calculations used the DFT (B3LYP) (45) (46) (47) (48) (49) implemented in Jaguar v4.0 quantum chemistry software (43, 44) . Because frequency calculations are much more time consuming, the calculation was done in two steps. The 6-31G** basis set was used to optimize the geometry and to calculate the vibrational frequencies. Then, the 6-31++G** basis set was used for a final geometry optimization starting with the optimum 6-31G** geometry. The standard free energy of solvation in water (∆G solv 0 ) is calculated using the continuum solvation approach (50) (51) (52) by solving the PB equation numerically (53) . The solute is described as a low dielectric cavity ( solute ) 1) immersed in a high dielectric continuum of solvent ( H2O ) 80 for water) (54) . The solute/solvent boundary is described by the surface of closest approach as a sphere of radius 1.4 Å (probe radius for water) rolled over the van der Waals (vdW) envelope of the solute. The atomic radii used to build the vdW envelope of the solute were taken from our previous work on guanine (42 (43, 44) at the B3LYP/6-31++G** level, and the geometry was reoptimized in solution.
Summarizing, the calculation of each species was done in three steps: (i) step 1, B3LYP/6-31G**(g) preliminary geometry optimization and frequency calculation; (ii) step 2, B3LYP/6-31++G**(g) for the final geometry optimization; and (iii) step 3, B3LYP/6-31++G**(aq) for solution phase geometry optimization.
The final standard free energy of each species in water is expressed as pK a Calculation. The pK a of an acid HA is given by (55, 56) :
where R is the gas constant and T is the temperature. The standard free energy of deprotonation of HA in water (∆G deprot,aq 0 ) is defined as
The standard free energies of HA and A -in water 
[∆G aq 0 (HA) and ∆G aq 0 (A -)] were calculated as described in the previous section, Free Energy in Solution. For a proton, the standard free energy in water [∆G aq 0 (H + )] was estimated according to eq 1 from its gas phase free energy taken from literature (55, 56) The standard free energy of solvation in water
] is chosen as -263.47 kcal/mol, which gave the best match between calculated pK a values of guanine and experimental ones in our previous work (42) . The experimental value remains uncertain (-254 to -264 kcal/mol) (55, (57) (58) (59) .
pK a Calculation in the Presence of Multiple Tautomers. In the presence of multiple tautomers, the overall macroscopic pK a value is estimated as (42) from a site specific value (pK a ij ) corresponding to deprotonation from the i-th tautomer to the j-th tautomer at the deprotonated state, which is calculated according to eqs 4 and 5. Here, f i is the relative population of the i-th tautomer before deprotonation and f j ′ is the relative population of the j-th tautomer after deprotonation. These relative populations are calculated from the Boltzmann distribution based on the relative free energies of those tautomers.
Results
Isoguanine. Upon the oxidation of adenine to isoG, a hydroxyl substituent is generated at the 2-position ( Figure 1 ). In this work, we examined the many possible tautomeric forms of this compound. The most stable form in aqueous solution is the 6-amino, 2-keto configuration with a proton added at the N1 position (N1H tautomer, 1; Table 1 ). The N1 position is normally a hydrogenbonding site. Therefore, this oxidative modification would perturb formation of a normal Watson-Crick A-T base pair. The N3H tautomer 2 is of essentially identical energy, making the N1H and N3H tautomers similarly populated in aqueous solution. The N3 position is examined by DNA pol during DNA replication (16-21, 23, 24) ; therefore, formation of this tautomeric form could interfere with the purine-polymerase interaction.
The presence of the 2-keto substituent of isoG also introduces an additional acidic proton. In the parent purine, adenine, the most acidic proton among the N6 and N9 protons is the N9 proton with a calculated site specific pK a of 10.2 ( Figure 1 ). In isoG, among the N1/ N3, N6, and N9 protons, the N9 proton is similarly the most acidic with a calculated pK a of 9.3 or 10.6 (for the N3H and N1H tautomers, respectively; Figure 1 ). The N1/N3 proton could be ionized in more basic solution with a pK a of 11.
The most basic site among the N1, N3, and N7 sites of adenine is N1, which accepts a proton with a pK a of 3.9. The N1/N3 positions of isoG are similarly the most basic with a calculated pK a values of 4.0 and 3.8 (for the N3H and N1H tautomers, respectively).
The most substantial effect due to the conversion of adenine to isoG is the presence of an additional proton that could interfere with base pair formation (N1H) or minor groove interaction with the polymerase (N3H). In no case did we find evidence that ionization of isoG would substantially shift its tautomeric equilibrium.
Xanthine. The deamination of guanine with the formation of X replaces the 2-amino group with a hydroxyl function ( Figure 2 ). As has been observed previously with guanine and 8-oxoguanine (41, 42) , the most stable configurations of X in water are the keto configurations, x1 and x6, (N9H and N7H tautomers, respectively; Table 2 ). The conversion from keto to enol carries an energetic penalty of at least 10 kcal/mol, making any of the enol tautomeric forms highly unlikely under physiological conditions. The tautomeric form in which the N9 proton shifts to N7 (N7H tautomer; x6) is slightly more stable, even though the energy difference is very small. Small energy differences between the N7H and the N9H tautomers have been seen previously for the purines, guanine and 8-oxoguanine (41, 42) .
The most basic site of the parent purine, guanine, is the N7 position when a proton is held at the N9 position ( Figure 2) . However, the pK a drops dramatically from 3.2 (N7 of guanine) to less than 1 (N7 of X) upon the deamination of guanine (Figure 2) .
The most acidic proton of guanine is the N1 proton with a pK a of 9.6, followed by the N9 proton with a pK a of 10.0 ( Figure 2 ). X acquires an additional acidic proton relative to guanine. The most acidic proton among the N1, N3, and N9 protons of X is the N3 proton with a calculated pK a of 6.4. The N9 proton is also acidic, with a pK a of 7.3. Upon deamination of guanine to X, the acidity of the N1 proton (which is the most acidic proton of guanine) remains constant at ∼9.6. In contrast, the N9 proton becomes substantially more acidic; the pK a drops from 10.0 to 7.3.
The most abundant configuration of X in aqueous solution is the species ionized (that is, deprotonated) at N3 (x11; Table 3 ). We examined whether the N1-and N3-ionized forms might be of similar energy so that they would be similarly populated. Above, in the case of isoG, the N1H and N3H neutral tautomers (1 and 2) were of essentially identical energy. In contrast, for the case of X, ionization at the N1 position leading to x12 costs 4.3 kcal/mol more than ionization at the N3 position leading to x11, making N3 ionization the predominant form at physiological pH.
Discussion
Over the years, several determinants of DNA replication fidelity and sources of mispairing have been discussed, including the rare tautomer model (60-62), base ionization (33, 34, 36, 63) , thermodynamic discrimination (4, 64, 65) , and geometric selection (5, 6, 23) . Most 
recently, it has been reported that DNA pol interrogates the minor groove of the incoming base and its template partner (16) (17) (18) (19) (20) (21) 23) . Because all four normal DNA bases have a hydrogen bond acceptor at identical positions in the minor groove where amino acid contact is made (66), pol could reject as a substrate any structures deviant at the N3 position of purines or the O2 position of pyrimidines. The tautomeric equilibria and pK a values of isoG and X, which deviate from the normal bases at the N3 position, are presented and discussed in light of their interactions with various polymerases. Isoguanine. Our calculations show that in aqueous solution isoG exists in equilibrium between two tautomers (N1H and N3H tautomers, 1 and 2) having populations of 51% 1 and 38% 2, whereas the enol forms (3 and 4) predominate in the gas phase. These results are in agreement with the existence of an N3H tautomer as previously proposed (67) (68) (69) . The predominance of enol forms in the gas phase is not surprising as previous studies have observed increasing proportions of enol isoG in increasingly nonpolar solvents (27, 30) .
The pK a values of 2′-deoxyisoguanosine have been determined as 3.45 and 9.80 (30) , for 9-methylisoguanine as 3.85 and 9.9 (27), and for isoG as 4.51 and 8.99 (70, 71) , comparable to our calculated macroscopic pK a values of 3.9 (pK a1 ; cationic to neutral) and 9.6 (pK a2 ; neutral to anionic) (Table 4) . These values render isoG as predominantly neutral at physiological pH.
Several papers regarding the interaction of isoG with varying polymerases have appeared, in which isoG derivatives are the incoming triphosphate or the templating base (13, (72) (73) (74) (75) . DNA pol , the KF, and mammalian pol R insert both dTTP and dCTP opposite isoG, although dTTP is the preferred substrate (13, 73, 74) . In addition, Taq polymerase can insert dTTP opposite isoG (75), although we are unaware of any study measuring isodGTP incorporation opposite T by Taq polymerase. The KF will insert isodGTP opposite isoC (its synthetic Watson-Crick pairing partner) and T but 
Relative Free Energies (∆∆G in kcal/mol) and Populations (f) of Tautomers of Neutral X in the Gas Phase and
Aqueous Solution a a The structure numbers italicized in parentheses refer to the naming scheme used in the Supporting Information.
Table 3. Relative Free Energies (∆∆G in kcal/mol) and Populations (f) of Tautomers of Ionized X in the Gas Phase and Aqueous Solution a
a The structure numbers italicized in parentheses refer to the naming scheme used in the Supporting Information. will not insert isodGTP opposite C (13, 72) . Taq polymerase can insert isodCTP opposite isoG (75) . In contrast, pol R inserts isodGTP opposite both C and T (13) . Of these four polymerases, ternary crystal structures have been solved for both pol (17) and Taq polymerase (76) . Pol is known to have amino acid contacts in the minor groove of both the templating base (Arg 283) and the incoming dNTP (Asn 279) (17) . In contrast, Taq polymerase makes specific contacts to the minor groove of the most recently formed base pair in both the primer and the template (Arg 573, Gln 754) but makes no minor groove contacts to the incoming dNTP or its templating base (76) . Although no crystallographic data exist for the protein-DNA-nucleotide interactions of KF or pol R, a site specific amino acid substitution on KF implicates contacts with the primer terminus as being important for fidelity but not contacts with either the templating base or the incoming nucleotide (22) . Furthermore, a study on a polymerase in the pol R family suggests that pol R probably operates similarly to KF (77) . Thus, Taq polymerase, KF, and pol R are not expected to reject aberrant base pairs at the insertion step by interrogation of the minor groove, although they may prevent extension past the mispair due to the polymerase contact at the primer terminus.
isoG can pair with cytosine in a pseudo-Watson-Crick geometry (Figure 3a) , forming one central hydrogen bond. The amino groups at the C6 positions may clash sterically, but this repulsion could be alleviated by out-ofplane rotation of the amino groups rather than a base pair shift to wobble geometry. This tautomer of isoG does not have an N3 proton, which is consistent with pol 's acceptance of this pairing. Furthermore, this isoG-C pair, while acceptable to the four mentioned polymerases, is not as preferred as the isoG-T pair (74) , perhaps due to the steric destabilization of the amino groups.
We show that isoG exists in equilibrium between the N1H and N3H tautomers (1 and 2) in almost equal proportion, so that we can explain isoG-T pairings by the N3H tautomer depicted in Figure 3b . Both KF and pol R accept this base pair whether isoG is the templating base or the incoming nucleotide (13, 72-74) , and we suspect that the same is true for Taq polymerase, although only dTTP incorporation opposite isoG has been measured (75) . However, this N3H-tautomeric configuration is not expected to be acceptable to pol , given the presence of an N3 proton. Because pol has the ability to incorporate dTTP opposite isoG (74), we must propose an alternative base-pairing structure that possesses Watson-Crick geometry. On the basis of our calculations, the most plausible possibility is that isoG shifts to an enol tautomer in the active site of pol .
In our previous calculations on guanine (42) , we observed that enol tautomers were exceedingly stable in the gas phase. This stability was due to in part to electrostatic repulsion of neighboring amino and N1 protons that destabilized the keto form coupled with dipole moment effects. In aqueous solution, water molecules were able to shield the protons, resulting in stabilization of the keto form. This observation is consistent both with experimental data on isoG, showing increased proportions of enol tautomers in increasingly nonpolar solvents (27, 30) , and with our gas phase calculations implicating a predominance of the enol forms. The dielectric constant of the active site of pol is not known, although it is reasonable to expect that its value would lie somewhere between ) 1 (gas phase) and ) 80 (water). In fact, a model for polymerase fidelity was proposed based on the desolvation of the DNA bases in the active site of a DNA polymerase such that the thermodynamic differences between right and wrong base pairings would be amplified (64) . Furthermore, the ternary crystal structure of T7 DNA polymerase shows an active site that very tightly fits around the nascent base pair (78) . Perhaps a desolvated active site could approximate the properties of a nonpolar solvent and increase the relative proportion of the enol forms of isoG present. Thus, to explain the observation that pol can insert dTTP opposite isoG and in fact prefers this pairing to dCTP-isoG (74), we must invoke the enol tautomer, which has no perturbations at the N3 position. Enol tautomers of isoG have been implicated previously to explain its base-pairing behavior (13, 72, 73, 75, 79, 80) .
Xanthine. Our calculations on X show one predominant diketo neutral tautomer. However, we calculate the pK a value for X to be 6.9 (neutral-to-anionic pK a2 ; Table  4 ), meaning that X is half ionized at physiological pH. This pK a value agrees with the experimental value for the free base X, which is 7.44 (71, 81, 82) . Interestingly, the experimental pK a value of the nucleoside analogue of X, xanthosine, is substantially lower at 5.7 (29) . This trend is unique among the other bases, whose pK a values are comparable in both the free base and the nucleoside forms.
Another interesting result is that we calculate the pK a of the N9 position of X to be 7.3, whereas the pK a of the N9 position of guanine is substantially higher at 10.0 (Figure 2) . Because the polarizability of the glycosidic bond can contribute to depurination in DNA, this result suggests that under neutral conditions deoxyxanthosine would be more labile to depurination than would deoxyguanosine. This conclusion is consistent with two recent experimental studies demonstrating that deoxyxanthosine is somewhat more labile to depurination than is deoxyguanosine at pH 7 (83, 84) .
Previous studies have examined the coding properties of X analogues. HIV1-RT is the most accepting of dXTP, as it will insert both dTTP and dCTP opposite this base in DNA (83) . Additionally, HIV1-RT will insert dXTP opposite κ and dκTP opposite X (85). Pol R is somewhat less accepting, as it will insert dTTP, dCTP, and dκTP (86, 87) opposite X, although no extension occurs for dκTP (88) . Interestingly, the KF will insert dXTP opposite κ (89) but not dκTP opposite X (88). Piccirilli and coworkers showed that dXTP opposite T is rejected, but a low level of dXTP-C is observed (89) . The more recent study by Wuenschell and co-workers showed that KF inserts dXTP opposite both T and C with a preference for the latter (83) . To our knowledge, no normal DNA bases have been paired opposite X by pol , and furthermore, Horlacher and co-workers showed that pol accepts neither dXTP opposite κ nor dκTP opposite X, even though these are apparent Watson-Crick complements (88) .
In Figure 4 , we suggest some possible tautomeric and ionized forms of X to explain the observed polymerase behavior in light of protein-DNA contacts made by these enzymes. As mentioned previously, KF, Taq polymerase, and pol R most likely do not monitor the minor groove of the incoming dNTP and its template partner whereas pol does. The ternary crystal structure of HIV1-RT (90) shows protein-DNA contacts in the minor groove of several DNA bases, but there are none for the incoming dNTP and its template partner. A ternary crystal structure also exists for T7 DNA polymerase, showing similar hydrogen-bonding patterns to KF, Taq polymerase, and HIV1-RT (that is, minor groove contacts to the primer terminus and its corresponding template base, but no minor groove hydrogen bonds to the incoming dNTP or its base-pairing partner) (78). While we are unaware of any data on the behavior of T7 DNA polymerase with either isoG or X derivatives, we would expect this polymerase to accept incoming dNTPs that possess an N3 proton. Thus, of the polymerases mentioned, we would only expect pol to reject bases containing a proton at the N3 position. Figure 4a shows the X-κ base pair. The N3 proton prevents pol from accepting this base pair as a substrate. Figure 4b shows the probable X-C configuration, in equilibrium between the neutral and the ionized forms of X. KF, pol R, and HIV1-RT accept the X-C base pair to some degree (83, 86, 89) . We would expect that pol also accepts this base pair, as it adopts Watson-Crick geometry, and in the ionized form has no N3 proton. The ability of pol R and HIV1-RT to insert dTTP opposite X is less obvious. There are no possible Watson-Crick pairings of any predominant neutral or ionized tautomer with T. Therefore, either a neutral enol tautomer or an N1-ionized tautomer (since pol R and HIV1-RT do not interrogate the minor groove at the insertion step) may be involved. The potential enol form x3 (Table 2 ) occurs at a frequency of 7 × 10 -9 in aqueous phase and 2 × 10 -14 in gas phase (2 × 10 -8 and 8 × 10
, respectively, among the tautomers with a proton kept at the N9 position only), thus ruling out this tautomer as an explanation. The ionized form presented in Figure 4c (equivalent to x12; Table 3 ) costs 3.6 kcal/mol from x1 in aqueous solution at pH 7 (see Table S10 for details), rather than 10.3 kcal/mol for the previously mentioned enol tautomer x3 relative to x1. While this makes the N1-ionized tautomer x12 significantly more likely to occur than the enol tautomer x3, it is 4.3 kcal/mol higher than the N3-ionized form (x11) and is still ∼1000 times less likely to occur than the N3-ionized form x11. We note that guanine and X have essentially equal site specific pK a values of 9.6 at the N1 position (Figure 2 ). Goodman and co-workers previously noted that a G-T mispair can be forced at high pH, ionizing G or T, and permitting a base pair approximating Watson-Crick geometry (36) . An analogous situation may occur here, such that low levels of dTTP are inserted opposite X, which would adopt the N1-ionized tautomer x12 depicted in Figure 4c at a frequency of ∼1/1000 (given a pK a value of 9.6). We would not expect pol to accept a T-X base pair, as this form of X would have an obligatory N3 proton in order to produce Watson-Crick geometry.
Conclusion
Our calculations on isoG and X show that many DNA bases, both normal and endogenous DNA damage products, exist as a composite of several structures in equilibrium. The theoretical methods presented here provide a powerful means to determine these tautomeric and ionized equilibria, allowing us to make conclusions about the mispairing potential of many DNA damage products. We show that isoG exists as a composite of two neutral forms in aqueous solution but can shift to enol forms in gas phase conditions. X, on the other hand, is a composite between one neutral, keto form and one ionized form. Both molecules have an equilibrium structure with an N3 proton, which affects their interactions with DNA polymerases such as pol that interrogate the minor groove at the insertion step. 
